Introduction
It is estimated that an adult human has about 1-10 Â 10 12 endothelial cells lining the inside of blood vessels. Among these cells, only about 0.01% are estimated to be in the cell cycle at any given time [1, 2] . This exquisite degree of quiescence of the vascular endothelium is maintained by a balance of pro and antiangiogenic factors. Such quiescence is also one of the bottlenecks that constrain the growth and sustenance of tumors beyond 1-2 mm diameter [3] . However, during certain physiological events such as wound healing or pathological stimuli such as inflammation or cancer, these endothelial cells get activated and resume an active proliferation program that results in growth of new blood vessels. This process of reversing endothelial quiescence and restoring a proliferative state is governed by a complex milieu of growth factors and signaling networks to generate new blood vessels.
Pathological angiogenesis: a complex host response to diverse stimuli
The circulatory system is one of the first organs to develop in an embryo so that organogenesis can be sustained with the delivery of oxygen and nutrients. During early development, blood vessels arise de novo from endothelial precursor cells (angioblasts) that form primitive capillary networks in a process broadly termed 'vasculogenesis' [4] . These early capillaries can then sprout and branch into a capillary network in a process often referred to as 'angiogenesis' [5] . These vascular networks that arise as a part of normal development often go on to mature and become stable with a robust interaction with perivascular cells. Many of the same developmental pathways of attracting precursor cells and/or inducing sprouting of preexisting vessels have been Purpose of review It has been known for decades that in order to grow, tumors need to activate quiescent endothelial cells to form a functional vascular network, a process termed 'angiogenesis'. However, the molecular determinants that reverse this endothelial quiescence to facilitate pathological angiogenesis are not yet completely understood. This review examines a critical regulatory switch at the level of Ras that activates this angiogenic switch process and the role that microRNAs play in this process.
Recent findings
In the last few years, microRNAs, a new class of small RNA molecules, have emerged as key regulators of several cellular processes, including angiogenesis. MicroRNAs such as miR-126, miR-296, and miR-92a have been shown to play important roles in angiogenesis. We recently described how miR-132, an angiogenic growth factor inducible microRNA in the endothelium, facilitates pathological angiogenesis by downregulating p120RasGAP, a molecular brake for Ras. Importantly, targeting miR-132 with a complementary, synthetic antimicroRNA restored the brake and decreased angiogenesis and tumor burden in multiple tumor models. Taken together, emerging evidence suggests a central role for microRNAs downstream of multiple growth factors in regulating endothelial proliferation, migration, and vascular patterning. Summary Further research into miR-132-p120RasGAP biology and more broadly, microRNA regulation of Ras pathways in the endothelium will not only advance our understanding of angiogenesis but also provide opportunities for therapeutic intervention. adapted during pathological angiogenesis. For instance, a developing tumor begins to secrete angiogenic factors such as vascular endothelial growth factor (VEGF) and angiopoietin in response to hypoxia. This leads to the activation of the dormant endothelial cells that begin to proliferate, migrate and establish a robust capillary network. However, in contrast to normal vasculature, pathological neovascularization results in leaky immature vessels with poor pericyte coverage. This phenomenon of a small dormant tumor acquiring a vascular network has been historically referred to as the 'angiogenic switch' [6] . Whereas early evidence suggests that the angiogenic switch occurs at an early stage during tumorigenesis, more recent work indicates that this process can occur during later stages of tumor progression. It is clear that despite the wealth of data on pathological angiogenesis, we do not fully understand the molecular mechanisms that govern the angiogenic switch in a context-specific manner.
Targeting microRNAs in pathological angiogenesis
Current strategies targeting angiogenesis using VEGFR-2 antibodies have shown varying degrees of success in different diseases. Treatment of patients with age-related macular degeneration (AMD) with anti-VEGFR-2 antibody has shown significant clinical benefit [7] . However, the antiangiogenic effects of VEGFR-2 blockade in cancer seem to be context-dependent. It has been shown that in some glioblastoma patients, treatment with anti-VEGFR-2 leads to the development of evasive resistance wherein the tumors have upregulated production of basic fibroblast growth factor (bFGF) [8] . Several studies have suggested that inhibition of multiple angiogenic pathways might have a better, synergistic effect than targeting a single growth factor-dependent pathway [9] . In this context, emerging evidence suggests that targeting microRNAs (miRs) provides unique advantages by being downstream of multiple growth factor pathways. Moreover, as the endogenous angiogenic miRs are activated only in response to growth factors, there is a degree of specificity inherent in this approach to the proliferating endothelium.
MicroRNA regulation of angiogenesis miRs represent a unique mechanism to regulate gene expression by exerting a rapid and powerful response to various stimuli. miRs are endogenous RNAs that are encoded in the genome. They are transcribed like regular messenger RNAs by transcription factors binding to upstream regions. These miR transcripts are subsequently processed by the RNAse Drosha, exported out of the nucleus, and then cleaved by a second RNAse known as Dicer [10] . The first hints of miR function during vascular development came from mice with hypo-morphic expression of Dicer that show embryonic lethal vascular malformations [11] . Similarly, knockdown of Dicer in zebrafish results in pericardial edema and vascular defects [12] . Furthermore, knockdown of Dicer and/or Drosha in vitro suppresses endothelial cell proliferation, migration, capillary sprouting, and tube formation [13, 14] . Together, these early studies demonstrate that miR expression in general is essential for blood vessel development and remodeling.
Subsequent studies have identified specific miRs that play key roles in angiogenesis or which are dysregulated in human cardiovascular diseases [15] [16] [17] . miR-195 and miR-133 are involved in cardiac hypertrophy [18, 19] , miR-1 and miR-133 in arrhythmias [20, 21] , and miR-126 in vascular development and angiogenesis [22] . miR-92a blocks angiogenesis and impairs functional recovery of ischemic tissue [23 ] . In some cases, individual target genes have been identified and validated. The endothelial-specific miR-126 inhibits sprouty-related protein 1 (SPRED1), a negative inhibitor of VEGF signaling [24 ] . Interestingly, recent work has shown that blood flow-induced upregulation of miR-126 by a mechanosensitive transcription factor Klf2 in endothelial cells activates VEGF signaling pathways and leads to sprouting and remodeling of the aortic arch in developing zebrafish [25 ] . miR-296 is elevated during angiogenesis and regulates growth factor receptor overexpression in angiogenic endothelial cells [26] . Hypoxia has been shown to trigger miR-424 expression, which leads to degradation of a ubiquitin ligase scaffold protein cullin-2. Degradation of cullin-2 prevents HIF-1a downregulation, facilitating a cascade of pro-angiogenic signaling [27 ] . These representative examples illustrate both the scope and diversity of extracellular cues that trigger miR expression in the endothelium enabling the activation of broad angiogenic signaling pathways.
microRNA-132 as a genomic 'first responder' to activation
We recently characterized miR-132 as an activating switch for quiescent endothelium that functions by
Key points
Endothelial cells in the adult are quiescent except during specific physiological requirements such as tissue repair and pathological growth such as tumors. This balance of quiescence and proliferation is maintained by pro and antiangiogenic signaling pathways. microRNAs are downstream regulators of signaling across multiple angiogenic growth factors. Ras superfamily and their regulators RasGAPs and RasGEFs play important roles in angiogenesis. microRNA-132-mediated downregulation of p120 RasGAP facilitates endothelial activation.
downregulating p120RasGAP [28 ] . miR-132 is encoded on human chromosome 17 and is transcribed by the transcription factor cAMP-response element binding protein (CREB) in multiple cell types [28 ,29] . We showed that angiogenic growth factors such as VEGF, bFGF, and conditioned media from a variety of tumors lead to phosphorylation of CREB and rapid transcription of miR-132 that peaks about 3-6 h after activation. Interestingly, Lagos et al. [30 ] also observed upregulation of miR-132 with similar kinetics in lymphatic endothelial cells during viral infections. Several groups have noted the early induction of miR-132 downstream of neurotropic growth factors [29, [31] [32] [33] [34] . These observations highlight the fact that multiple cell types have co-opted miR-132 as an integral part of an early cellular response to a diverse group of activating stimuli.
We observed that the ectopic expression of miR-132 was sufficient to increase endothelial proliferation and tube formation in vitro. Conversely, a complementary antimiR-132 decreased endothelial proliferation, tube formation in vitro and both developmental and pathological angiogenesis in vivo. Our observations highlight that miR-132 is not only among the early response genes in endothelial activation but also a critical regulator of the downstream events that control endothelial proliferation, tube formation and angiogenesis in vivo.
microRNA-132 targets p120RasGAP in the endothelium
Based on target prediction algorithms, we identified at least one primary target of miR-132 in angiogenic endothelial cells to be p120RasGAP, a GTPase-activating protein that attenuates p21 Ras activity. RasGAP enhances the weak intrinsic GTPase activity of Ras, resulting in the accumulation of the inactive GDP-bound form of Ras to limit activation of downstream targets PI3K and Raf-1. Consistent with the prediction databases, we found miR-132 expression was able to downregulate a luciferase reporter upstream of the 3 0 untranslated (UTR) region of the human p120RasGAP gene while it had no effect on a mutant 3 0 UTR. Importantly, we also found that expression of miR-132 directly downregulates p120RasGAP protein expression in endothelial cells. Transient knockdown of p120RasGAP phenocopied the effects of miR-132 and conversely expression of a miR-resistant p120RasGAP was able to rescue the activation of endothelial cells. Taken together, our data indicate a strong role for p120RasGAP in mediating the functions of miR-132 in the vascular endothelium, as depicted in Fig. 1 .
Vascular role of p120RasGAP
Early studies exploring the functional role of p120Ras-GAP orthologue in Drosophila showed that ectopic miR-mediated regulation of angiogenic switch Anand and Cheresh 173 expression of this protein decreased aberrant wing vein formation downstream of a constitutively active fibroblast growth factor receptor, FGFR [35] . Deletion of p120-RasGAP alone or in combination with its homologue neurofibromatosis-1 (NF-1) in mice causes a more deleterious phenotype with abnormal vascular morphogenesis in the embryo and the yolk sac leading to embryonic lethality [36] . In fact, RNA-mediated silencing of p120RasGAP in mouse embryonic stem cells also recapitulated this phenotype [37] . Endothelial specific deletion of NF-1 has also been shown to be embryonic lethal with cardiovascular defects [38] .
We found that angiogenic endothelium from several pathological human and mouse tissues, including tumors and hemangiomas, often had a significant decrease in p120RasGAP expression and a corresponding increase in miR-132 expression. We observed that endothelial specific deletion of p120RasGAP caused hypervascularization in response to bFGF in subcutaneous Matrigel plugs in mice. Conversely, ectopic expression of a miRresistant p120RasGAP in a mouse endothelioma cell line significantly diminishes their growth in vivo (S.A and D.A.C, unpublished observations). Consistent with the mouse data, inactivating p120RasGAP mutations in humans lead to hypervascularization that manifests as capillary malformations associated with arteriovenous malformation, arteriovenous fistula, or Parkes-Weber syndrome [39, 40] . On the basis of these observations, it is clear that p120RasGAP acts as a negative regulator of vascular patterning/morphogenesis.
Aside from binding Ras via the GAP domain, p120Ras-GAP also associates with a number of key signaling proteins to influence many cellular processes [41] . The SH2-SH3-SH2 region interacts with growth factor receptors, p190RhoGAP, focal adhesion kinase (FAK), and G3BP. This region is flanked by two caspase-3 cleavage sites that result in the formation of two RasGAP fragments that have been shown to play a role in apoptosis. The pleckstrin homology domain contains interaction sites for PI3K and PKC and is thought to influence the confirmation and accessibility of the GAP domain. The C2 domain is a calcium-responsive region that binds the FAK-related Pyk2 and AnnexinA6. p120RasGAP truncations and point mutations identified throughout the length of this sequence have been associated with vascular malformations in patients [40] , suggesting a complex role for p120RasGAP and its interactants in endothelial biology.
Ras in endothelial quiescence
Members of the Ras superfamily of GTPases play important roles in several cellular processes, including signal transduction, vesicle transport, cytoskeletal dynamics, and so on. In their GTP-bound state, Ras proteins interact with a wide variety of effector proteins to mediate multiple functions. Some of the early evidence for the role of Ras in regulating endothelial activation came from studies that showed that activating Ras mutations lead to the formation of endothelial-derived tumors [42, 43] . Interestingly, spontaneous development of hemangiomas was observed in a line of mice with an inducible oncogenic Kras G12D allele [44] . Moreover, mice deficient in B-Raf, a well known Ras effector, have cardiovascular defects and die in utero [45] . Immortalized endothelial cells with an oncogenic H-Ras have been shown to gain an angiogenic phenotype and form angiosarcomas in mice [46] . Similarly, active Ras has been shown to be both necessary and sufficient to mediate an active angiogenic response, including proliferation, migration, and branching morphogenesis in primary endothelial cells [47] . Previous work done in our laboratory has shown that retroviral delivery of Ras or its effector C-Raf promotes angiogenesis in vivo [48] . Similarly, we also reported that Raf-1 plays a pivotal role in endothelial cell survival during angiogenesis [49] . Consistent with our identification of p120RasGAP as a target for miR-132, we also observed an increase in Ras activity with expression of miR-132 and a loss of Ras activity with inhibition of miR-132, suggesting that miR-132 mediates its biological effects by modulating Ras function.
Other RasGAPs and their putative microRNA regulators
In recent years, several new homologues of RasGAP have been identified as context-specific regulators of Ras signaling. About 12 conserved RasGAP homologues have been identified in humans several of which contain the GAP domain. There is some evidence that multiple RasGAP family members may regulate diverse aspects of endothelial biology. For instance, endothelial specific deletion of NF-1 appears to result in elevated Ras signaling and increased nuclear localization of the transcription factor NFATc1, a known regulator of cardiovascular remodeling and lymphangiogenesis [38] . Recently, another RasGAP, AIP1, has also been shown to function as a signaling scaffold that links Ras pathway to nuclear factor-kB (NF-kB) activation in prostate cancer [50 ] . Using target prediction algorithms, we analyzed the miRs that were upregulated during human embryonic stem cell vasculogenesis or angiogenic growth factor stimulation of primary endothelial cells for their ability to target any known RasGAPs. Strikingly, several highly upregulated angiogenic miRs are predicted to target RasGAPs and often the same miR family is predicted to target more than one member of the RasGAP family. It is not difficult to envision that a complex network of miRs downstream of angiogenic growth factors rapidly modulate multiple GAPs and GEFs to facilitate endothelial activation.
Evolutionary context for microRNA regulation of RasGAPs
In their GTP-bound state, Ras proteins interact with a wide variety of effector proteins to mediate multiple functions. It is well established that the Ras superfamily has undergone a specific and diverse expansion in eukaryotes [51] . It can be argued that evolution has adapted a small GTPase switch to exert spatial and temporal control over several interacting protein modules to mediate diverse physiological responses ranging from signal transduction to cytoskeletal dynamics [51] . Interestingly, recent work has identified miRs as a viable causal factor in the evolution of vertebrate complexity. For instance, miR-132 has been discovered in sea lampreys and sharks [52] . The earliest p120RasGAP orthologue has been identified in Caenorhabditis elegans [53] . Given these observations, it is tempting to speculate whether the evolution of specific miR families in vertebrates followed the expansion of Ras superfamily members to facilitate the control of Ras signaling pathways by miRs. Not surprisingly, several of these miRs and their target binding sites on the 3 0 untranslated regions of mRNAs are highly conserved across a broad range of species, highlighting the fact that tumors have once again co-opted some evolutionarily well conserved developmental pathways with miR-Ras switches to facilitate their survival and growth.
Conclusion
In summary, it is becoming increasingly clear that tumors are able to induce an angiogenic switch in quiescent endothelium by regulating critical miRs such as miR-132 that target Ras signaling pathways. Further identification and characterization of these miRs and their targets would not only help understand the biology of endothelial activation, but also pave way for the development of therapies to treat pathological neovascularization by targeting Ras signaling pathways.
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